Introduction
Earlier studies 1,2,3 on photocatalytic oxygenations involved reactions of fused furan and thiophene bicyclo[3.2.1]octadiene derivatives with different positions of oxygen or sulfur in the heteroaromatic ring. The results of these experiments showed that the type of the heteroatom and its position in the heteroaromatic ring significantly affect the behavior of these heterocyclic compounds, offering possibilities for preparation of new functionalized bicyclic derivatives. Such oxygenated compounds may have potential bioactivity or may possess the structure of some natural products.
For photocatalytic oxygenation of various organic compounds, free-base and metalloporphyrins proved to be efficient catalysts. Thus, cycloalkenes 4, 5, 6 and some unsaturated heteroaromatics 7 were successfully functionalized in these reactions. While freebase porphyrins can be utilized as sensitizers for the generation of singlet oxygen, 7, 8, 9, 10, 11 water-soluble metalloporphyrins can offer a wider profile of reaction mechanisms, depending on their charge, the solvent, and the substrate to be oxygenated. Cationic manganese(III) porphyrins proved to be efficient for photocatalytic oxygenation of -pinene. In aqueous systems, at relatively low substrate: catalyst ratio (S/C = 500) its selective epoxidation took place, considerably deviating from the case of aprotic organic solvents such as benzene or toluene, where allylic hydroxylation products were formed. 4 Anionic and cationic manganese(III) porphyrins were utilized for photocatalytic oxygenation of furan and thiophene derivatives of bicyclo[3.2.1]octadiene structures in acetone/water system. 1,2,3 For a given substrate, the product(s) strongly depended on the charge of the catalyst.
Continuing our study on this field, in order to expand the scope of the research on photocatalytic oxygenation reaction, we have chosen a new bicyclic structure, which possess, for the first time in such investigations, a free double bond in the bicyclic ring. 12, 13, 14 Three phenyl derivates, 9-phenyl-, 9-(4-chlorophenyl-, and 9-(4-methoxyphenyl)-tricyclo[6.3.1.0 2 , 7 ]dodeca-2,4,6,10-tetraene (1a, 1b, and 1c, respectively) have been involved in our study: without any substituent (1a), containing a chloro (1b) or a methoxy substituent (1c) in para position. Similarly to our earlier experiments, both anionic and cationic manganese(III) porphyrins Mn (III)TSPP  3-and Mn(III)TMPyP  5+ , where  H2TSPP 4-= 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin and H2TMPyP 4+ = 5,10,15,20-tetrakis(1-methyl-4-pyridinium)porphyrin) were applied in order to study the charge effect, beside the influence of the substituent on the phenyl ring.
Results
The starting compounds 1a-c were easily synthesized in one step by photochemical ring closure from the corresponding o-vinyl-1,4-diphenylbutadienyl derivatives. The proposed mechanism for the formation of the starting substrates involves intramolecular cycloaddition via biradical intermediate followed by preferred 1,6-ring closure and subsequent 1,3-H shift. 13 Bicyclic derivatives 1a-c were obtained as the main products (55-80 % isolated yield) of these reactions.
Photocatalytic oxygenation reactions have been performed in air-or oxygen-saturated acetone/water (50/50%) mixture in the presence of a Mn(III)TMPyP 5+ or Mn(III)TSPP 3-as photocatalysts. In order to obtain the best yield of the isolated products, the reaction time was varied from 2h to 16h, combined with changing the charge of the photocatalyst and the concentration of oxygen.
The most characteristic results obtained under various conditions are demonstrated by Schemes 1, 2, and 3, regarding 1a, 1b, and 1c, respectively. These clearly indicate that the nature of the substituent can drastically affect the reaction course. The lack (Scheme 1) and the type (Schemes 2 and 3) of the substituent on the phenyl ring connecting to the same structure led to significantly deviating types of products, in which oxygenation took place on the unsaturated part of the bicyclic skeleton. The exception is the photocatalytic oxygenation of starting compounds 1a and 1b in the presence of the anionic manganese(III) porphyrin, where the main products were hydroperoxy derivatives 2 and 3, respectively. Photocatalytic oxygenation reaction of compound 1a in the presence of the cationic photocatalyst proved to be indiscriminate in comparison with the case of the anionic porphyrin; the analysis of the raw reaction mixture showed only a series of unidentified byproducts, so no further studies has been conducted on under these conditions. On the other hand, starting compound 1b underwent a more selective reaction in the presence of the cationic catalyst within 2h, and gave compound 3 as the main product, similarly to the case with the anionic manganese(III) porphyrin. Besides product 3, compounds 4 and 5 have also been isolated after 2h of reaction time, but only in traces. In the case of prolonged irradiation time (4h), photocatalytic oxygenation with the cationic catalyst gave a better result. Photoproduct 5, which was found only in traces after 2h, was obtained with a higher yield (23%). Besides the photoproducts unambiguously determined both qualitatively and quantitatively, the raw reaction mixture contained also unidentified byproducts, which could not be isolated. In comparison with the chloro derivative (1b), the methoxy derivative (1c) reacted in a completely different way. The 1 H NMR spectrum of the reaction mixture after 8h irradiation in the presence of the anionic photocatalyst showed only the starting compound 1c. However, after chromatographic purification two new products, 6 and 7 were found in traces. On the other hand, the reaction with the cationic manganese(III) porphyrin in the stream of oxygen gave a somewhat better result; the epoxy derivative 6 was isolated with a higher yield (26%) than in the previous case. However, at an extended reaction time (16h), deviating from the case of the chloro derivative (1b), no appraisable result was obtained. Too long reaction time only caused an additional decomposition and formation of unwanted byproducts. The new products 2-7 were isolated and completely characterized by spectroscopic methods. From the 1 H and 13 C NMR spectra and taking as reference the previous results for starting compounds 1a-c, [12] [13] [14] the structures of all the compounds were determined. All the photoproducts have recognizable patterns in their 1 H NMR spectra ( Figure 1 -5) but different numbers of signals in their aliphatic regions, depending on the structure. These suggested results were confirmed from their 13 C NMR spectra which revealed the structures with characteristic epoxy, keto, hydroxy and/or hydroperoxy groups. The IR spectra of 2-7 showed characteristic signals for the keto, hydroxy and/or hydroperoxy groups. Compounds 4 and 5 have almost the same spectrum in spite of having something different structures. This fact can be the consequence of the keto-enol equilibria in both cases causes similar signals in IR spectra but somewhat different in NMR spectra (which are for the same noisy).
endo-1c The yields and the corresponding reaction conditions regarding the characteristic products obtained are summarized in Table 1 . 
Discussion
As our previous studies on manganese(III)-porphyrin-based oxygenation of various bicyclic derivatives indicated, 1, 2, 3 in accordance with earlier publications on photocatalytic oxidations utilizing metalloporphyrins, 4,5,6,7,10,11 both steric and electronic effects can influence the efficiency and selectivity of these reactions. Besides, the role of the photocatalyst in these processes can also be a determining factor. Thus, characterization of the excited states of these compounds may provide useful pieces of information for the interpretation of the results obtained in this study. Irradiation of manganese(III) porphyrins, both at the Soret-bands (430-450 nm) and at the Q-bands (500-650 nm) leads to the formation of singlet excited states, S2 and S1, respectively. The previous one (S2) relaxes to the latter one (S1) within a ps timescale via internal conversion. The first singlet excited state can transform to the first triplet state (T1) of a much longer lifetime, efficiently competing with fluorescence and non-radiative decay to the ground state. The fluorescence lifetime of the manganese(III) porphyrin complexes is in the 1-3 ns range, 15 indicating that singlet excited state of these photocatalysts can only be involved in the oxygenation reactions if they are already coordinated to the substrate in a ground-state equilibrium or if they can produce oxygen-containing reactive intermediates which efficiently attack the substrate molecules. The lifetime of the triplet excited state of these manganese(III) porphyrins is of s order of magnitude, which may react with the ground-state substrates to be oxygenated.
In the case of both 1a and 1b the main products with the anionic photocatalyst were the corresponding hydroperoxy derivatives (2 and 3, respectively) , where the site of the oxygenation is in the immediate neighborhood of the phenyl ring. This suggests that the aromatic ring can coordinate the manganese(III) complex by a - interaction with the porphyrin ligand, providing for it a favorable proximity to the electron-rich site of the substrate. Besides, it is noteworthy that the formation of hydroperoxy derivatives in earlier studies on photocatalytic oxygenations was only observed in the case of manganese(III) porphyrins as catalysts, but not with the corresponding free bases, which can only generate singlet excited-state oxygen molecule ( 1 O2) as oxidative agent. 1,2 Hence, other oxygencontaining reactive intermediates are involved, the formation of which takes place from the ligands axially coordinated to the manganese(III) center of the metalloporphyrins applied. Thus, both the proximity of the porphyrin to the site of attack and the appropriate metal center coordinating the suitable oxygen-containing ligand are crucial conditions in the respect of the formation of the hydroperoxy derivatives 2 and 3.
The oxygen-containing reactive intermediates playing role in these processes are generated in the photoinduced reactions of the manganese(III) porphyrins applied. Similarly to the oxygenation of cycloalkenes, 4, 6, 16, 17 (P)Mn IV =O and (P)Mn V =O intermediates are suggested to the most important in situ generated reactive species in these systems. The primary step in this process is a photoinduced LMCT (ligand-to-metal charge transfer) from axially coordinated hydroxide ligands in aqueous systems (Eq. 1).4
, 18 The Mn(II) species formed in this way undergoes an oxidation with the dissolved O2 (Eq. 2).
In Eq. 2 several steps are comprised. 18 In water-acetone solvent mixture (applied in our experiments), hydroxyl radicals produced in the primary photochemical step most probably react with the organic solvent. Disproportionation of the Mn(IV) complexes formed generates highly reactive manganese(V)-oxo species (Eq. 3). 
In this equilibrium system, disproportionation is much faster than the reversed reaction. Besides, a polar solvent also promotes the previous process, hence it is nearly diffusioncontrolled. 16 Moreover, manganese(V)-oxo porphyrins react several orders of magnitude faster in oxygenation processes than the corresponding Mn(IV) species. Accordingly, (P)Mn V =O can be considered as the major oxidizing agent in our systems.
At shorter (2-or 4-hour) periods of irradiation the predominant products were the hydroperoxy derivatives (2 and 3) functionalized at the carbon atom connecting to the phenyl ring. These results can be attributed to a considerable -stacking interaction between the aromatic ring and the porphyrin ligand. 19, 20 Due to this interaction, the connecting manganese(III) porphyrin is in a very close proximity of the indicated carbon atom, promoting its attack by an oxidative species formed in the photoinduced reactions of the coordinated complex. Although the charge of the porphyrin ligand may affect the strength of the -stacking interaction, no significant difference could be observed between the yields of 3 obtained with cationic or anionic complex from 1b. However, compared to the case of 1a, where 4-hour irradiation was needed for almost the same yield of 2 (37%) as for 3 (40%), the latter was reached within 2 hours. The reason for this phenomenon may be that the chloro substituent increases the electron density on the carbon atom attacked, due to a positive mesomer effect, promoting its oxidation. A longer (4h) irradiation of the system containing 1b and the cationic catalyst resulted in the appreciable (23%) formation of a more oxidized (ketohydroperoxy) derivative (5), indicating that the positive charge on the ligand more effectively favor the formation of the oxidizing intermediates than the negative one does.
Reactivity of 1c strongly deviated from those of 1a and 1b. Application of the anionic photocatalyst, even after a longer (8h) irradiation period, resulted in the formation of only traces of identifiable products (an epoxy (6) and a hydroperoxy (7) derivative), while almost 100% of the starting material did not react at all. This phenomenon clearly indicates that 1c is much less reactive than the other two substrates. Although from the viewpoint of electronic effect on the phenyl ring the methoxy group does not significantly differ from the chloro substituent, in the respect of steric influence the former one hinders the - stacking interaction between the porphyrin and the aromatic ring. Due to the bulkier CH3O-group decreasing the coordination possibility of the manganese(III) complexes to the phenyl ring, the carbon atom which was efficiently attacked in the case of 1a and 1b remained intact in the reactions of 1c.
The efficacy of oxygenation of 1c at the free double bond is very low in the presence of the anionic porphyrin as indicated by the small (trace) amounts of the products obtained even after a relatively long irradiation period. However, the cationic photocatalyst proved to be significantly more efficient, demonstrated by the appreciable ratio of product 6. This phenomenon may be attributed to the electronic interaction between the electron-rich free double bond and differently charged metalloporphyrins. Regarding this interaction, the positively charged substituents are much more favorable than the anionic complex of higher electron density. This interpretation is in accordance with the mechanism of Jacobsen-Katsuki epoxidation, where the free double bond approaches the metal oxo complexes side-on. 21 Such an approach is promoted by the positive charge on the porphyrin.
Experimental Section
General. The 1 H NMR spectra were recorded on a spectrometer at 600 MHz. The 13 C NMR spectra were registered at 150 MHz. All NMR spectra were measured in CDCl3 using tetramethylsilane as reference. IR spectra were recorded on a FTIR-ATR (film). HRMS analysis were carried out on a mass spectrometer (MALDI TOF/TOF analyzer), equipped with Nd:YAG laser operating at 355 nm with firing rate 200 Hz in the positive (H + ) or negative (H -) ion reflector mode. Silica gel (0.063-0.2 mm) was used for chromatographic purifications. Thin-layer chromatography (TLC) was performed silica gel 60 F254 plates. Solvents were purified by distillation.
Typical experimental procedure for the photocatalytic oxygenation of 1a -c
A solution of 50 ml of 1a -c and the anionic or cationic manganese(III) porphyrins in acetone/water (50:50) was irradiated with a 70-W tungsten halogen immersion lamp (Philips, ir> 380 nm) in a thermostated 50-ml cylindrical photoreactor. A stream of air or oxygen was passed through the solution at RT during 2h, 4h or 8h, also with vigorously stirring. The following concentrations conditions were: S/C = 100, porphyrin = 0.00111 mmol and 1a -c = 0.111 mmol. After termination of the photolysis acetone was removed by vacuum distillation. The remaining two phases were separated by standard methods. The water-insoluble oxygenation products remained in the organic phase. The photoproducts 2 (from 1a, Scheme 1), 3, 4, 5 (from 1b, Scheme 2), 6 and 7 (from 1c, Scheme 3) were isolated by repeated thinlayer chromatography using dichloromethane /diethylether (9/1) as eluent and characterized by spectroscopic methods. 
Conclusion
Continuing our study on photocatalytic oxygenations of various bicyclic organic compounds, in this work, for the first time, three derivatives with an isolated/free double bond were investigated. Connecting to the parent bicyclic structure, these compounds also contained a phenyl group (unsubstituted or substituted) close to the free double bond, which significantly affected the mechanism of their manganese(III) porphyrin-based photocatalytic oxygenation. A considerable -stacking interaction between that phenyl ring and the porphyrin catalyst may promote the functionalization of the carbon atom, to which the aromatic is connected, resulting the formation of the suitable hydroperoxy derivatives (2 and 3) in the case of 1a and 1b. While no effect of the porphyrin charge was observed in these cases, the main oxygenation reaction of the methoxy derivative (1c), i.e, the epoxidation, proved to be efficient only with the cationic complex, probably due to its interaction with the electron-rich free double bond. These results clearly indicate that both steric and electronic effects govern the mechanisms of the photocatalytic oxygenations of these compounds. Our observations may help plan the preparation of new functionalized bicyclic derivatives of potential bioactivity. Accordingly, the continuation of our systematic study will focus on other aryl/heteroaryl derivatives of such bicyclic structures in order to elucidate the role of the position of the aryl/heteroaryl substituent in the mechanism of the photocatalytic oxygenation of these compounds. Generally, the continual research of interest in the chemistry of this framework (functionalized bicyclo[3.2.1] skeleton) is mainly due to its ubiquity in numerous families of biologically active natural products coupled with its versatile reactivity, making it a very useful building block with a valuable impact in modern organic synthesis. 22 Moreover, our specific synthetic approach, photochemical cycloaddition followed by photooxygenation, for the preparation of this framework is connected directly with the important applications to the total synthesis of some natural products.
